The effects of hot stamping (HS) and tempering on the hydrogen embrittlement (HE) behavior of a low-carbon boron-alloyed steel were studied by using slow strain rate tensile (SSRT) tests on notched sheet specimens. It was found that an additional significant hydrogen desorption peak at round 65-80 • C appeared after hydrogen-charging, the corresponding hydrogen concentration (C Hr ) of the HS specimen was higher than that of the directed quenched (DQ) specimen, and subsequent low-temperature tempering gave rise to a decrease of C Hr . The DQ specimen exhibited a comparatively high HE susceptibility, while tempering treatment at 100 • C could notably alleviate it by a relative decrease of~24% at no expanse of strength and ductility. The HS specimen demonstrated much lower HE susceptibility compared with the DQ specimen, and tempering at 200 • C could further alleviate its HE susceptibility. SEM analysis of fractured SSRT surfaces revealed that the DQ specimen showed a mixed transgranular-intergranular fracture, while the HS and low-temperature tempered specimens exhibited a predominant quasi-cleavage transgranular fracture. Based on the obtained results, we propose that a modified HS process coupled with low-temperature tempering treatment is a promising and feasible approach to ensure a low HE susceptibility for high-strength automobile parts made of this type of steel.
Introduction
One of the most important challenges for the automobile industry is to further enhance passenger safety coupled with a simultaneous reduction of vehicle weight regarding energy consumption and exhaust emissions [1] . This has notably promoted the research and development of ultra-high strength steels (UHSSs) in the modern automobile industry. However, the application of these steels usually leads also to some disadvantages such as unacceptable high stresses during conventional cold forming and significant spring-back [2] [3] [4] . In spite of the great efforts that have been conducted to overcome these problems, cold press forming of complicated shape parts is still difficult when the strength level of a steel sheet is as high as~1500 MPa [4, 5] . Therefore, new forming technologies called hot stamping (HS), hot forming, and press hardening or die quenching have been developed for manufacturing automobile structural parts with a strength level of~1500 MPa or more in recent years [2] [3] [4] [5] [6] [7] [8] [9] [10] .
HS is an innovative non-isothermal high-temperature forming process, in which complicated shape parts with an ultra-high strength level are produced, primarily for the purpose of eliminating spring-back [3, 4] . During the process, the blanks are heated to the austenitizing temperature in a furnace to form a homogeneous austenitic microstructure, and then immediately transferred to
Material and Experimental Procedures
The material used is a novel low-carbon boron-alloyed steel with a nominal composition of 0.20C-0.85Si-1.60Mn-0.006P-0.002S-0.0015B (wt.%), and was supplied in the form of 1.5-mm-thick cold-rolled sheets. The steel sheets were produced through converter smelting following ladle furnace refining, continuous casting and continuous rolling. The critical temperatures of the tested steel were obtained by means of dilatometric measurement using 1.5 mm × 4 mm × 10 mm specimens on a Bähr DIL805L quenching device (Bähr-Thermoanalyse GmbH, Hüllhorst, Germany) as shown in Figure 1 . Samples of 200 mm-width and 300 mm-length were cut from the 1.5-mm-thick cold-rolled sheets. The samples were austenitized at 940 • C for 5 min in a nitrogen-protected electric-resistance furnace (ECOO Co., Ltd., Yancheng, China) and then quickly moved to a designed HS device with continuously internally cooled water as shown in Figure 2 , and finally hot stamped. For comparison, part of the samples was directly water quenched, i.e., without HS (called DQ hereafter). Parts of the DQ and HS samples were tempered at 100 • C and/or 200 • C for 120 min and air cooled (called DQ-T100 and HS-T200 specimens, respectively). The selection of different tempering temperatures is mainly for the purpose of studying the effectiveness of the modified HS schedule as well as the influence of low-temperature tempering treatment on alleviating the susceptibility to HE. The cutting of tensile sheet specimens is shown in Figure 3 . Smooth tensile sheet specimens for tensile testing were cut to a 1.5 mm thickness, 8 mm width and 40 mm gauge length. Notched tensile specimens with a notch root radius of 0.25 mm, notch depth of 1.5 mm (stress concentration factor K t = 3.8) were used for the SSRT tests. DQ-T100 and HS-T200 specimens, respectively). The selection of different tempering temperatures is mainly for the purpose of studying the effectiveness of the modified HS schedule as well as the influence of low-temperature tempering treatment on alleviating the susceptibility to HE. The cutting of tensile sheet specimens is shown in Figure 3 . Smooth tensile sheet specimens for tensile testing were cut to a 1.5 mm thickness, 8 mm width and 40 mm gauge length. Notched tensile specimens with a notch root radius of 0.25 mm, notch depth of 1.5 mm (stress concentration factor Kt = 3.8) were used for the SSRT tests. Hydrogen was introduced into the specimens through an electrochemical method in a 0.1 mol/L NaOH aqueous solution at ambient temperature. The current density was 8 mA/cm 2 and the charging time was 72 h. After hydrogen-charging, the SSRT specimens were mechanically polished and then electroplated with a Zn coating with a thickness of ~20 μm to prevent hydrogen release using a Zn plating solution recommended by ISO 16573:2015 [25] . The Zn electroplating was started within 5 min after the end of the hydrogen-charging and was conducted at an applied current density of 38 mA/cm 2 for 5 min at a temperature of 55 °C. To homogenize the hydrogen distribution within the specimens as much as possible, the Zn coated specimens were kept at room temperature for 24 h before the SSRT tests [26] . DQ-T100 and HS-T200 specimens, respectively). The selection of different tempering temperatures is mainly for the purpose of studying the effectiveness of the modified HS schedule as well as the influence of low-temperature tempering treatment on alleviating the susceptibility to HE. The cutting of tensile sheet specimens is shown in Figure 3 . Smooth tensile sheet specimens for tensile testing were cut to a 1.5 mm thickness, 8 mm width and 40 mm gauge length. Notched tensile specimens with a notch root radius of 0.25 mm, notch depth of 1.5 mm (stress concentration factor Kt = 3.8) were used for the SSRT tests. Hydrogen was introduced into the specimens through an electrochemical method in a 0.1 mol/L NaOH aqueous solution at ambient temperature. The current density was 8 mA/cm 2 and the charging time was 72 h. After hydrogen-charging, the SSRT specimens were mechanically polished and then electroplated with a Zn coating with a thickness of ~20 μm to prevent hydrogen release using a Zn plating solution recommended by ISO 16573:2015 [25] . The Zn electroplating was started within 5 min after the end of the hydrogen-charging and was conducted at an applied current density of 38 mA/cm 2 for 5 min at a temperature of 55 °C. To homogenize the hydrogen distribution within the specimens as much as possible, the Zn coated specimens were kept at room temperature for 24 h before the SSRT tests [26] . DQ-T100 and HS-T200 specimens, respectively). The selection of different tempering temperatures is mainly for the purpose of studying the effectiveness of the modified HS schedule as well as the influence of low-temperature tempering treatment on alleviating the susceptibility to HE. The cutting of tensile sheet specimens is shown in Figure 3 . Smooth tensile sheet specimens for tensile testing were cut to a 1.5 mm thickness, 8 mm width and 40 mm gauge length. Notched tensile specimens with a notch root radius of 0.25 mm, notch depth of 1.5 mm (stress concentration factor Kt = 3.8) were used for the SSRT tests. Hydrogen was introduced into the specimens through an electrochemical method in a 0.1 mol/L NaOH aqueous solution at ambient temperature. The current density was 8 mA/cm 2 and the charging time was 72 h. After hydrogen-charging, the SSRT specimens were mechanically polished and then electroplated with a Zn coating with a thickness of ~20 μm to prevent hydrogen release using a Zn plating solution recommended by ISO 16573:2015 [25] . The Zn electroplating was started within 5 min after the end of the hydrogen-charging and was conducted at an applied current density of 38 mA/cm 2 for 5 min at a temperature of 55 °C. To homogenize the hydrogen distribution within the specimens as much as possible, the Zn coated specimens were kept at room temperature for 24 h before the SSRT tests [26] . Hydrogen was introduced into the specimens through an electrochemical method in a 0.1 mol/L NaOH aqueous solution at ambient temperature. The current density was 8 mA/cm 2 and the charging time was 72 h. After hydrogen-charging, the SSRT specimens were mechanically polished and then electroplated with a Zn coating with a thickness of~20 µm to prevent hydrogen release using a Zn plating solution recommended by ISO 16573:2015 [25] . The Zn electroplating was started within 5 min after the end of the hydrogen-charging and was conducted at an applied current density of 38 mA/cm 2 for 5 min at a temperature of 55 • C. To homogenize the hydrogen distribution within the specimens as much as possible, the Zn coated specimens were kept at room temperature for 24 h before the SSRT tests [26] . Tensile tests were conducted on a universal testing machine at a crosshead speed of 1 mm/min, while the SSRT tests were performed on a Bairoe YYF-50 tensile testing machine operated at a constant crosshead speed of 0.005 mm/min at ambient temperature. Depending on the fracture stress of the specimens, the duration of the SSRT tests ranged from 4 h to 5 h. After the SSRT tests, the notch tensile strengths (σ N0 and σ NH for the uncharged and hydrogen-charged specimens, respectively), which were defined as the nominal maximum tensile stresses, were obtained. The relative notch tensile strength loss was defined as an index to evaluate the relative susceptibility to HE (HEI):
Scanning electron microscopy (SEM, Zeiss EVO18, Carl Zeiss Microscopy Ltd., Cambridge, UK) was used to observe the SSRT facture surfaces. The analysis of hydrogen was conducted on a thermal desorption spectrometry (TDS, HTDS-002, R-DEC Co., Ltd., Tsukuba, Japan). The specimen was heated from room temperature to 800 • C at a constant heating rate of 100 • C/h, and a quadrupolar mass spectrometer (R-DEC Co., Ltd., Tsukuba, Japan) was used to analyze the hydrogen effusing out of the specimen during heating.
Optical microscopy (OP, Carl Zeiss Microscopy GmbH, Göttingen, Germany), SEM (Carl Zeiss Microscopy Ltd., Cambridge, UK) and transmission electron microscopy (TEM, FEI, Hillsboro, OR, USA) were used for microstructural characterization. The specimens for SEM and OP were etched in a 3% nital solution after standard grinding and polishing. The foils for TEM were electro-polished in a twin-jet electro-polishing apparatus using an alcohol solution with 5 vol.% perchloric acid at −20 • C and were then examined in a TEM at an accelerating voltage of 200 kV. The amount of precipitation phase of the tested specimens was obtained through physical-chemical phase analysis [27] .
Auger electron spectroscopy (AES, ULVAC-PHI, Inc., Chigasaki, Japan) was applied for electron backscatter diffraction (EBSD) measurements utilizing a PHI 710 microprobe operating (ULVAC-PHI, Inc., Chigasaki, Japan) at 20 kV with a step size of 0.04 µm. Samples for the EBSD examination were electro-polished in the same solution as that for the TEM foils. The dislocation density of the specimens was determined by analyzing the X-ray diffraction (XRD) patterns via the Rietveld software, Materials Analysis Using Diffraction (MAUD, 2.071). The XRD measurements were conducted between scanning rage of 40 • to 100 • , rate of 2 • /min and step size of 0.05 • at room temperature using a Cu-K α radiation source. For more details about the experimental procedure see Ref. [28] .
Results

Microstructure Characteristics
As expected, both the DQ and HS specimens exhibit a full lathy martensitic microstructure as shown in Figures 4 and 5, which revealed that the designed HS schedule is reasonable. Figure 6 presents the SEM micrographs of the DQ and HS specimens. All the SEM micrographs exhibit lathy martensitic structures with abundant fine and need-shaped carbides within laths as well as along lath boundaries. Further TEM observations revealed that these carbides are ε-and/or θ-carbides and were primarily precipitated within martensitic laths ( Figure 7 ). This reveals that these carbides were already precipitated upon either the conventional quenching or HS processes. Detailed analysis of the mass fraction of carbides is present in Table 1 . The DQ and DQ-T100 specimens show an almost identical carbide fraction, while the HS specimen exhibits a higher carbide fraction. Moreover, the HS specimen has higher dislocation density than the DQ specimen, as can also be seen from Figure 7 , while tempering at 200 • C of the HS specimen (the HS-T200 specimen) caused a decrease of dislocation density. The kernel average misorientation (KAM) value, which is regarded to be proportional to the micro-strain induced by crystal defects such as dislocations [29] , was measured using the SEM EBSD phase maps shown in Figure 5a ,b. The average KAM values of the DQ and HS specimens are~0.64 • and~0.54 • , respectively, which also indicates that the HS specimen has higher dislocation density than the DQ specimen. specimens are ~0.64° and ~0.54°, respectively, which also indicates that the HS specimen has higher dislocation density than the DQ specimen. specimens are ~0.64° and ~0.54°, respectively, which also indicates that the HS specimen has higher dislocation density than the DQ specimen. Table 1 presents the mechanical properties of the samples under different conditions. The HS specimen exhibits almost identical ultimate tensile strength (UTS) and total elongation (TEL) to those of the DQ specimen, while the yield strength (YS) of the former is slightly higher than the latter. These results reveal that the HS specimen has comparable mechanical properties to the DQ specimen. Tempering treatment of the DQ specimen at 100 °C and the HS specimen at 200 °C gave rise to an increase of both the YS and TEL, while a slight decrease of the UTS occurred. 
Mechanical Properties
Hydrogen Absorption and Desorption Behavior
The hydrogen desorption rate vs. heating temperature curves of the specimens under different conditions are presented in Figure 8a . The uncharged specimens exhibited a lower height desorption peak at ~430 °C (high-temperature peak), while the hydrogen-charged specimens exhibited an Table 1 presents the mechanical properties of the samples under different conditions. The HS specimen exhibits almost identical ultimate tensile strength (UTS) and total elongation (TEL) to those of the DQ specimen, while the yield strength (YS) of the former is slightly higher than the latter. These results reveal that the HS specimen has comparable mechanical properties to the DQ specimen. Tempering treatment of the DQ specimen at 100 • C and the HS specimen at 200 • C gave rise to an increase of both the YS and TEL, while a slight decrease of the UTS occurred. 
Mechanical Properties
Hydrogen Absorption and Desorption Behavior
The hydrogen desorption rate vs. heating temperature curves of the specimens under different conditions are presented in Figure 8a . The uncharged specimens exhibited a lower height desorption peak at~430 • C (high-temperature peak), while the hydrogen-charged specimens exhibited an additional higher height desorption peak at round 65-80 • C (low-temperature peak). It was found that the hydrogen corresponding to this low-temperature peak can gradually diffuse out during exposure at room temperature in martensitic steels [27, 30] , and therefore, it is considered that diffusible or reversible hydrogen leads to a deterioration of mechanical properties [26] . The hydrogen corresponding to this high-temperature peak represents non-diffusible or irreversible hydrogen at room temperature, which is regarded to not lead to a degradation of mechanical properties [31] . Thus, the whole hydrogen concentration (C H ) can be roughly regarded as the sum of reversible hydrogen concentration (C Hr ) and irreversible hydrogen concentration (C Hi ). As shown in Figure 8b , almost all the hydrogen is irreversible hydrogen for the uncharged specimens, while most of the introduced hydrogen corresponds to diffusible hydrogen. The C Hr of the HS specimen is larger than that of the DQ specimen while the C Hi of the former is lower than that of the latter. Low-temperature tempering treatment caused a decrease of the C Hr for both the DQ and HS specimens while it caused an increase of the C Hi for the HS specimen and a slight decrease for the DQ specimen. Moreover, the hydrogen desorption peak temperature slightly increased after low-temperature tempering treatment, indicating more stablity of the diffusible hydrogen. additional higher height desorption peak at round 65-80 °C (low-temperature peak). It was found that the hydrogen corresponding to this low-temperature peak can gradually diffuse out during exposure at room temperature in martensitic steels [27, 30] , and therefore, it is considered that diffusible or reversible hydrogen leads to a deterioration of mechanical properties [26] . The hydrogen corresponding to this high-temperature peak represents non-diffusible or irreversible hydrogen at room temperature, which is regarded to not lead to a degradation of mechanical properties [31] . Thus, the whole hydrogen concentration (CH) can be roughly regarded as the sum of reversible hydrogen concentration (CHr) and irreversible hydrogen concentration (CHi). As shown in Figure 8b , almost all the hydrogen is irreversible hydrogen for the uncharged specimens, while most of the introduced hydrogen corresponds to diffusible hydrogen. The CHr of the HS specimen is larger than that of the DQ specimen while the CHi of the former is lower than that of the latter. Low-temperature tempering treatment caused a decrease of the CHr for both the DQ and HS specimens while it caused an increase of the CHi for the HS specimen and a slight decrease for the DQ specimen. Moreover, the hydrogen desorption peak temperature slightly increased after low-temperature tempering treatment, indicating more stablity of the diffusible hydrogen. Figure 9 gives the typical SSRT curves obtained for the notched sheet specimens under different conditions. Since the specimens were notched, which is regarded to be appropriate to reflect the susceptibility to HE of high strength steels [26, 32] , the displacement is short and thus showed an early fracture before distinct yielding and necking, revealing the remarkable effect of notch on the tensile behavior. Hydrogen-charging remarkably deteriorated the tensile behavior, that is, both the maximum notch tensile stress and the fracture displacement were lowered. Figure 9 gives the typical SSRT curves obtained for the notched sheet specimens under different conditions. Since the specimens were notched, which is regarded to be appropriate to reflect the susceptibility to HE of high strength steels [26, 32] , the displacement is short and thus showed an early fracture before distinct yielding and necking, revealing the remarkable effect of notch on the tensile behavior. Hydrogen-charging remarkably deteriorated the tensile behavior, that is, both the maximum notch tensile stress and the fracture displacement were lowered.
HE Behavior
The measured notch tensile strengths and the calculated values of HEI are presented in Table 2 . It is obvious that all the specimens have nearly identical σ N0 mainly because they have similar smooth mechanical properties, as shown in Table 1 . The σ NH increases while the HEI decreases gradually in the following order: DQ, DQ-T100, HS and HS-T200. The DQ specimen has the highest HE susceptibility and tempering treatment at 100 • C could notably alleviate it. Notably, the HS specimen demonstrates much higher σ NH than the DQ specimen. The σ NH of the HS specimen is also remarkably higher than that of the DQ-T100 specimen, and tempering treatment at 200 • C could further enhance it. These results show that the HS specimen has much lower susceptibility to HE than the DQ specimen does, indicating the superiority of the designed HS schedule. The measured notch tensile strengths and the calculated values of HEI are presented in Table 2 . It is obvious that all the specimens have nearly identical σN0 mainly because they have similar smooth mechanical properties, as shown in Table 1 . The σNH increases while the HEI decreases gradually in the following order: DQ, DQ-T100, HS and HS-T200. The DQ specimen has the highest HE susceptibility and tempering treatment at 100 °C could notably alleviate it. Notably, the HS specimen demonstrates much higher σNH than the DQ specimen. The σNH of the HS specimen is also remarkably higher than that of the DQ-T100 specimen, and tempering treatment at 200 °C could further enhance it. These results show that the HS specimen has much lower susceptibility to HE than the DQ specimen does, indicating the superiority of the designed HS schedule. 
SSRT Fracture Surface Characteristics
A detailed SEM examination of the fracture surfaces was carried out after the SSRT tests. As shown in Figure 10a ,b, the low magnification fracture surface morphology is typical of notched specimens with a triangular region near to the notch, which is primarily connected with the stress 
A detailed SEM examination of the fracture surfaces was carried out after the SSRT tests. As shown in Figure 10a ,b, the low magnification fracture surface morphology is typical of notched specimens with a triangular region near to the notch, which is primarily connected with the stress intensification region [14, 24] . Hydrogen-charging remarkably enlarged this area. As for the uncharged specimen, high magnification observation revealed a typical dimple ductile fracture comprising of dimples with different sizes in the triangular area (Figure 10c ), while it is also a dimple ductile fracture with fine and uniform dimples, except a few large ones in the crack propagation region (Figure 10d ).
intensification region [14, 24] . Hydrogen-charging remarkably enlarged this area. As for the uncharged specimen, high magnification observation revealed a typical dimple ductile fracture comprising of dimples with different sizes in the triangular area (Figure 10c) , while it is also a dimple ductile fracture with fine and uniform dimples, except a few large ones in the crack propagation region (Figure 10d) . Figure 11 shows the SEM micrographs in the crack initiation area (the triangular area) of all the hydrogen-charged SSRT specimens. The DQ specimen showed a mixed transgranular-intergranular fracture with some secondary cracks (Figure 11a) , while all the other three specimens exhibited a predominant quasi-cleavage transgranular fracture accompanied by a few secondary cracks ( Figure  11b,c,d ). This result is generally in accordance with that of the SSRT tests. The tendency of intergranular fracture reveals that the prior austenite grain boundaries of the DQ specimen were severely influenced by the enrichment of hydrogen, while the crack initiation stress and/or the cohesiveness and energy required to grow the cleavage crack must have been lowered by hydrogen for the DQ-T100, HS and HS-T200 specimens. Figure 11 shows the SEM micrographs in the crack initiation area (the triangular area) of all the hydrogen-charged SSRT specimens. The DQ specimen showed a mixed transgranular-intergranular fracture with some secondary cracks (Figure 11a) , while all the other three specimens exhibited a predominant quasi-cleavage transgranular fracture accompanied by a few secondary cracks (Figure 11b,c,d ). This result is generally in accordance with that of the SSRT tests. The tendency of intergranular fracture reveals that the prior austenite grain boundaries of the DQ specimen were severely influenced by the enrichment of hydrogen, while the crack initiation stress and/or the cohesiveness and energy required to grow the cleavage crack must have been lowered by hydrogen for the DQ-T100, HS and HS-T200 specimens. 
Discussion
Influence of Tempering Treatment
A number of experiments have been done regarding the effect of tempering treatment on the HE behavior of high strength martensitic steels, and it is regarded that the HE susceptibility of this type of steels could be lowered through the increase in tempering temperature on the condition that temper embrittlement is avoided [24, [33] [34] [35] [36] [37] [38] . This improvement was mainly correlated with microstructural evolution, including the decrease in dislocation density, the formation and morphology variation of carbides as well as the unavoidable strength loss for traditional low-alloy martensitic steels when the tempering temperature was high [24, 34, 36] . As all the tested specimens exhibited an nearly identical strength level, it is thus rational to suggest that microstructural evolution rather than strength controls their HE susceptibility.
As shown in Figures 5 and 7 and Table 1 , there are a comparatively high amount of fine carbides for the DQ specimen although no tempering treatment was carried out. This result is mainly connected to the auto-tempering phenomenon of low-carbon steels, as the martensite-start temperature (Ms) is ~421 °C for the tested low-carbon boron-alloyed steel (Figure 1 ), which is much higher than room temperature and can easy give rise to auto-tempering. Thus, its HE susceptibility is comparatively lower compared with that of medium-carbon martensitic steel with a similar strength level [38] . For the DQ specimen, there was still partial segregation of carbon in the form of filmy carbide at prior austenite grain boundaries, which would induce the segregation of hydrogen at highly stressed boundaries ahead of the notch tip [39] , and thus caused part of the grain boundaries to embrittle and a low-stress intergranular fracture (Figure 11a ). 
Discussion
Influence of Tempering Treatment
As shown in Figures 5 and 7 and Table 1 , there are a comparatively high amount of fine carbides for the DQ specimen although no tempering treatment was carried out. This result is mainly connected to the auto-tempering phenomenon of low-carbon steels, as the martensite-start temperature (M s ) is 421 • C for the tested low-carbon boron-alloyed steel (Figure 1 ), which is much higher than room temperature and can easy give rise to auto-tempering. Thus, its HE susceptibility is comparatively lower compared with that of medium-carbon martensitic steel with a similar strength level [38] . For the DQ specimen, there was still partial segregation of carbon in the form of filmy carbide at prior austenite grain boundaries, which would induce the segregation of hydrogen at highly stressed boundaries ahead of the notch tip [39] , and thus caused part of the grain boundaries to embrittle and a low-stress intergranular fracture (Figure 11a ).
There is a notable decrease of the C Hr and a slight decrease of the C Hi when the DQ specimen was tempered at 100 • C, while there are a notable decrease of the C Hr and an increase of the C Hi when the HS specimen was tempered at 200 • C (Figure 8 ). This phenomenon is mainly due to the decrease of dislocation density and internal stress (which is regarded as diffusible hydrogen trapping sites) as well as the increase of the amount of carbides (which is usually called irreversible hydrogen trapping site) [40, 41] . The former could cause a decrease of hydrogen while the latter could cause an increase of hydrogen absorbed during hydrogen charging. The decrease of dislocation density and internal stress is more significant than the increase of carbide when the tempering temperature is low. As a result, the C Hr of both the DQ-T100 and HS-T200 specimens notably decreased and the corresponding HE susceptibility was alleviated after low-temperature tempering. Moreover, the decrement of vacancies and occupation of hydrogen trapping sites around dislocation by interfacial solute atoms such as carbon due to low-temperature heat treatment was also responsible for the decrease of C Hr [42] . By the way, as the difference of the amount of carbides between the DQ and DQ-T100 specimens is rather small, there was only a slight variation of the C Hi between them, whereas a significant increase of the amount of carbides caused a notable increase of C Hi when the HS specimen was tempered at 200 • C. Tempering treatment at 100 • C of the DQ specimen could notably lower its HEI value by a relative decrease of~24% at no expanse of strength and ductility, which suggests that only auto-tempering is not enough while low-temperature tempering is still needed to further alleviate its HE susceptibility. After the tempering treatment, the increase of the fine carbides precipitated uniformly within grains caused the decrease in the tendency for intergranular fracture (Figure 11b,d) , because most of the hydrogen was trapped within grains, as was also found by Nagao et al. in low-carbon martensitic plate steels [43] .
Influence of Hot Stamping
As shown in Table 1 , the HS specimen has comparable tensile properties in terms of strength and ductility to the DQ specimen; it exhibits much lower HE susceptibility than the latter, although its C Hr is higher than that of the latter, which can be explained as follows. As mentioned above, both the microstructural characteristics and mechanical properties of the HS specimen are similar to those of the DQ-T100 specimen as well as the value of HEI. Moreover, the HEI value of the HS specimen is only slightly higher than that of the HS-T200 specimen. Therefore, it is reasonable to suppose that the HS specimen had experienced a low-temperature tempering during the HS process in addition to auto-tempering. To confirm this assumption, the temperature evolutions of the blank, punch and die during the HS process were detected in detail (Figure 12 ). Under the condition of using controlled water as coolant, the temperature of the die and punch during forming rose to about 60 • C and 50 • C after a single HS cycle, respectively (Figure 12a ). The estimated cooling rate of the blank was~240 • C/s, which is much higher than the critical cooling rate of getting full martensite for the tested steel. As shown in Figure 12b for the continuous HS practice, the temperature of the punch and die rose to~50-60 • C and almost remained at that temperature even up to 14 HS cycles using the conventional cooling schedule, while it increased to~120-130 • C after about 14 HS cycles and tended to remain at that temperature using the modified cooling schedule, which includes controlling of the temperature of coolant, the blank forming pressure and holding time. Similar results were also found by other researchers [3, 8] . Since the tested HS specimens were cut from the blank pieces after 20 HS cycles during continuous HS process using the modified cooling schedule, the HS blank studied should have experienced a low-temperature tempering treatment. From above considerations, it is thus proposed that the modified cooling schedule could be applied to practical HS process to alleviate the HE susceptibility of the tested low-carbon boron-alloyed steel, although thorough study is still needed in the future. By the way, automotive components are usually heated to around 170 °C during the paint baking process after forming, i.e., bake-hardening treatment [42, 44] ; this treatment not only slightly affects the mechanical properties, but also could be used to further alleviate the HE susceptibility of the hot stamped parts, as was confirmed by the results of the HS-T200 specimen.
It is known that stress including applied stress and residual stress besides hydrogen concentration, and material characteristics, such as strength level and microstructure, also play a significant role in affecting the HE behavior of high strength steels [15] . Therefore, it is worth noting that although the HE susceptibility of the HS specimen is still a little higher, the almost completely absence of residual tensile stress originating from the HS process can be beneficial to its HE susceptibility [14] , compared with conventional automotive parts manufactured by the cold forming process of high strength martensitic steels, which usually causes high residual stresses because of the spring-back effect [2] [3] [4] .
Conclusions
1. The designed HS schedule could obtain a fully fine martensitic microstructure with many fine dispersed carbides, which exhibited comparable mechanical properties to the DQ specimen. Low-temperature tempering treatment of the DQ and HS specimens gave rise to an increase of YS and TEL while a slight decrease of UTS occurred. 2. TDS analysis revealed that hydrogen-charging caused an additional remarkable hydrogen desorption peak at round 65-80 °C for both the DQ and HS specimens. The diffusible hydrogen concentration (CHr) of the HS specimen is higher than that of the DQ specimen, and CHr was lowered after low-temperature tempering. 3. The DQ specimen exhibited a comparatively high HE susceptibility with HEI value of ~36%, while tempering treatment at 100 °C could notably alleviate it by a relative decrease of ~24% at no expanse of strength and ductility. 4. The HE susceptibility was significantly lowered for the HS specimen compared with that of the DQ specimen, and it is almost identical to that of the DQ-T100 specimen, which is mainly ascribed to the low-temperature tempering treatment around 120 °C during continuous HS process using the modified HS cooling schedule. Tempering at 200 °C could further alleviate the HE susceptibility of the HS specimen. From above considerations, it is thus proposed that the modified cooling schedule could be applied to practical HS process to alleviate the HE susceptibility of the tested low-carbon boron-alloyed steel, although thorough study is still needed in the future. By the way, automotive components are usually heated to around 170 • C during the paint baking process after forming, i.e., bake-hardening treatment [42, 44] ; this treatment not only slightly affects the mechanical properties, but also could be used to further alleviate the HE susceptibility of the hot stamped parts, as was confirmed by the results of the HS-T200 specimen.
1.
The designed HS schedule could obtain a fully fine martensitic microstructure with many fine dispersed carbides, which exhibited comparable mechanical properties to the DQ specimen. Low-temperature tempering treatment of the DQ and HS specimens gave rise to an increase of YS and TEL while a slight decrease of UTS occurred. 2.
TDS analysis revealed that hydrogen-charging caused an additional remarkable hydrogen desorption peak at round 65-80 • C for both the DQ and HS specimens. The diffusible hydrogen concentration (C Hr ) of the HS specimen is higher than that of the DQ specimen, and C Hr was lowered after low-temperature tempering. 3.
The DQ specimen exhibited a comparatively high HE susceptibility with HEI value of~36%, while tempering treatment at 100 • C could notably alleviate it by a relative decrease of~24% at no expanse of strength and ductility. 4.
The HE susceptibility was significantly lowered for the HS specimen compared with that of the DQ specimen, and it is almost identical to that of the DQ-T100 specimen, which is mainly ascribed to the low-temperature tempering treatment around 120 • C during continuous HS process using the modified HS cooling schedule. Tempering at 200 • C could further alleviate the HE susceptibility of the HS specimen.
5.
The DQ specimen showed a mixed transgranular-intergranular fracture, while all the other three specimens exhibited a predominant quasi-cleavage transgranular fracture accompanied by few secondary cracks.
